When human polymorphonuclear leukocytes (PMN) are placed on various surfaces, they attach and spread rapidly, increasing their diameter severalfold. The spreading is associated with extensive changes in the cytoskeleton. Since many cytoskeletal events are regulated by Ca2 , we measured the cytosolic free calcium concentration ([Ca2+] Polymorphonuclear leukocytes (PMN) and macrophages placed on a variety of surfaces rapidly adhere and spread themselves out thinly on the surface (1, 2). This is thought to represent a frustrated attempt to phagocytose the surface (3). This process is apparently distinct from adherence to endothelium, as PMN do not spread on an endothelial cell monolayer (4). During spreading, major changes in the organization of the actin-based cytoskeleton have been observed at the light-microscopic level (5, 6) and the ultrastructural level (1, 7). Boyles and Bainton (1) have observed the rapid formation of a network of thin filaments interconnected by globular centers only on the adherent surface of spreading PMN. In spreading macrophages, similar changes are seen (5, 7).
Polymorphonuclear leukocytes (PMN) and macrophages placed on a variety of surfaces rapidly adhere and spread themselves out thinly on the surface (1, 2) . This is thought to represent a frustrated attempt to phagocytose the surface (3). This process is apparently distinct from adherence to endothelium, as PMN do not spread on an endothelial cell monolayer (4). During spreading, major changes in the organization of the actin-based cytoskeleton have been observed at the light-microscopic level (5, 6) and the ultrastructural level (1, 7) . Boyles and Bainton (1) have observed the rapid formation of a network of thin filaments interconnected by globular centers only on the adherent surface of spreading PMN. In spreading macrophages, similar changes are seen (5, 7) .
Several major cytoskeletal proteins in PMN are regulated by calcium. Gelsolin, when activated by calcium concentrations greater than 100 nM, nucleates actin-filament growth, caps the fast-growing end of filaments, and splits preformed filaments (8) . PMN also contain myosin, which, in muscle, is controlled by calcium in a well-characterized fashion (9) .
In order to measure cytosolic free calcium concentration ( [Ca2+]j) in single cells, we developed a method using the calcium-sensitive fluorescent dye quin-2 and quantitative fluorescence microscopy (10) . We have adapted that method to fura-2, a successor to quin-2 with improved fluorescence properties, such as an increased quantum yield and lower susceptibility to photobleaching (11 
MATERIALS AND METHODS
Materials. Fura-2 pentapotassium salt, fura-2 tetrakis(acetoxymethyl) ester (AM), and BAPTA (1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid) AM were from Molecular Probes (Junction City, OR). Quin-2 AM was from Lancaster Synthesis (Eastgate, England). Rabbit antiserum against dinitrophenyl-conjugated bovine serum albumin [anti-(Dnp-BSA)] was from Miles. Taxol was from the Natural Products Branch, Division of Cancer Treatment, National Cancer Institute. Prosil-28 was from PCR Research Chemicals (Gainesville, FL). W7 was from Rikaken (Nagoya, Japan). Trifluoperazine was a gift from Smith Kline & French. Carbonylcyanide 4-trifluoromethoxyphenylhydrazone was from Fluka (Hauppauge, NY). Calmidazolium was from Janssen Pharmaceutica (Beerse, Belgium). Promethazine was from Wyeth. TMB-8 (8-diethylaminooctyl 3,4,5-trimethoxybenzoate) was from Aldrich. Ionomycin was from Calbiochem (La Jolla, CA).
Preparation of Cells. Whole blood was obtained by venipuncture from healthy adult volunteers and collected in heparin-containing Vacutainer tubes (Becton Dickinson). PMN were prepared on a three-layer density gradient (12) .
[Identical results were obtained with PMN of >95% purity prepared by a two-layer density gradient, dextran sedimentation, and hypotonic lysis of contaminating erythrocytes (13) .] Cells from the lower interface were washed once with 8 volumes of incubation medium (150 mM NaCl/5 mM KCl/1 mM MgCl2/1 mM CaCl2/20 mM Hepes/10 mM glucose, pH 7.4) and resuspended in incubation medium at 107 cells per ml. *To whom reprint requests should be addressed.
2919
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. substituting fura-2 pentapotassium salt at 500 nM for quin-2 free acid. Our measured dissociation constant of fura-2 for Ca2+ using the microscope photometer was 228 nM.
Fluorescence microscopy and microspectrofluorometry were done using a Leitz MPV microscope photometer on a Diavert microscope as described (10) . In the current work, no narrow-bandpass emission filter was used on the microscope photometer. Excitation filters were 10-nm-bandpass filters (Oriel, Stamford, CT), and the 380-nm filter was always paired with a 31.5% transmission quartz neutral density filter (Oriel) to give approximately equal fluorescence intensities at the two excitation wavelengths.
Solutions for loading cells with fura-2 were prepared by diluting the fura-2 AM stock (5 mM in dimethyl sulfoxide) to a nominal final concentration of 20 jLM in sterile incubation medium and were kept overnight at 40C or for 3 hr at room temperature to ensure dissolution. Before solutions were used to load cells, they were centrifuged for 5 min in an Eppendorf microcentrifuge. This step is essential to remove fluorescent particles that otherwise adhere to or are phagocytosed by cells. Cells were pelleted for 10 sec in the microcentrifuge and resuspended at the same concentration in incubation medium containing saturating fura-2 AM. After incubation for 20-30 min at room temperature, cells were pelleted, washed once with incubation medium, and resuspended at the same concentration. Fura-2-loaded cells were used only if their fluorescence intensity was greater than 10 times the autofluorescence.
Experiments were performed at room temperature on glass no. 1 coverslips coated with polylysine and attached to tissue culture dishes that had holes punched out of the bottom. A single cell was centered in the measuring field of the microscope photometer while it was still in suspension. Measurements began as it attached to the dish. The microscope was focused at the lower surface ofthe celljust as the cell touched the substratum, and the focus was not changed thereafter. This focal plane was chosen so that the thin periphery of spread cells would be in focus. The illumination and measuring fields were %30 ,um in diameter. The photometer gathers light from all parts of the cell, including out-of-focus planes. Photometric measurements were made for 0.25 sec at each excitation wavelength, repeatedly alternating between 380 nm and 340 nm. The time between measurements at one excitation wavelength and the other was =3 sec, and the time to the next pair of measurements was -8 sec. Experiments were performed with excitation wavelengths in either order (340 nm first or 380 nm first), with similar results. Each 340-nm and 380-nm measurement bleached less than 0.5% of the fura-2. After an experiment was completed, the cell was moved out of the measuring field and background intensities were measured at each wavelength from an adjacent empty area of the culture dish. These background values were subtracted from cell intensities before the 340-nm/380-nm ratio was taken.
Nomarski Microscopy. Nomarski differential interference microscopy was performed on a Leitz Diavert microscope with Zeiss Nomarski optics and a Hamamatsu Photonics (Oak Brook, IL) C1965-01 chalnicon tube contrast-enhancement camera.
Image Analysis. Fluorescence images at each wavelength were obtained with a Dage-MTI silicon intensified target camera and recorded on video tape. Images were digitized from the tape with a Gould IP8500 image-processing system. The mean background intensity from around the cells was subtracted from each image. The background-corrected 340-nm image was divided by the background-corrected 380-nm image. At the edges of the cell where it is very thin, the fluorescence intensity at both wavelengths is very weak, and the signal-to-noise ratio is low. Because of this, for the ratio image in Fig. 3 , only picture elements with 380-nm fluorescence above a threshold value are displayed. The application of the threshold has no effect on the 340/380 ratio ofthe remaining picture elements but eliminates =1 ,um at the cell edge. Sometimes, when spreading was most rapid, the cell edge moved a small distance between illuminations at the two excitation wavelengths. Thresholding of the ratio image eliminates the region in which this movement produces the greatest effect, thus avoiding the problem of comparing areas of the cell in which substantial shape change takes place. The order of illumination did not significantly alter the ratio image in a systematic way, except for the most peripheral parts of the cell. Proc. Natl. Acad. Sci. USA 83 (1986) 2921 
RESULTS
When suspended PMN are placed on a polylysine-coated glass coverslip, the cells rapidly settle and attach to the coverslip. They remain round for 10-60 sec and then begin to extend a lamellipodial skirt radially outward (1) (Fig. 1) . This skirt appears clear until 20-40 sec later, when granules burst out into it from the center of the cell. The entire spreading process usually lasts 30-90 sec.
Cells were loaded with fura-2 in order to measure [Ca2+]i during spreading. Fura-2-loaded cells spread in a manner indistinguishable from controls. Cells attach to the substrate without a significant change in [Ca2Wi. At least 8 sec before visible spreading occurs, [Ca2+]i goes from its basal level of 69 ± 51 nM to a peak of 547 ± 190 nM (mean ± SD, n = 12). This increase is comparable to that seen with maximal doses of soluble stimuli (14) . From the beginning of the increase to its peak is less than 12 sec.
[Ca2+]i then decreases rapidly to a level slightly above basal (at 1.2 ± 0.5 min) and recovers to basal over 5-10 min. Fig. 2 medium, by loading with the intracellular calcium chelator BAPTA (17) , and by various other methods listed in Table 1 . However, these treatments were toxic, as shown by morphological changes and loss of more than half the fura-2 from each cell. Drugs that inhibit calmodulin activity, such as W7 (18) as well as other drugs thought to inhibit calcium-related processes, had no effect on either spreading or the [Ca2"i spike ( Table 1 ). The effects of some of these drugs on other PMN functions have been reviewed (19) . Cells plated on various other surfaces spread and increased their [Ca2+], indistinguishably from those plated on polylysine-coated glass (Table 1) . Since the morphological alterations in spreading PMN are associated with cytoskeletal changes, we examined the effects of a number of cytoskeletal poisons. Phagocytosis (20) and locomotion (21) In some systems, cell motility may be regulated by gradients of Ca2+ within the cytosol (23) , and it has been suggested that such gradients may play a role in phagocytosis (8) and chemotaxis (24) . To determine whether significant Ca2+ gradients occurred in PMN during spreading, we examined the distribution of cytosolic free Ca2+ within cells by digital processing of fluorescence images (Fig. 3) . In measurements on four cells at 3-9 time points each (28 observations in all), we did not observe a consistent pattern of Ca2+ gradients within the cells. In individual cells we were able to detect gradients corresponding to a 10% difference in [Ca2+]i in different regions of the cell. On average, [Ca2W] was the same in the spreading lamellipodium as in the center ofthe cell. The method used would not have detected transients of <8 sec, and reliable measurements could not be made within a l-,um-wide circumferential strip at the cell edge. However, these measurements do show that [Ca2+] is elevated as much in the lamellipodium as in the center of the cell during spreading.
DISCUSSION
The well-characterized effects of calcium on several cytoskeletal systems in vitro suggest that it may be involved in the regulation of motility and shape change in vivo (9) . In support of this hypothesis, we found that spreading in human PMN is always preceded by a [Ca2+]i spike (>200 cells observed).
The calcium producing the spike comes from internal stores that are probably not mitochondria. [Ca2+], similarities with phagocytosis (1, 3, 25) . It has been reported ading8 spikeb that a rise in [Ca2+], occurs during phagocytosis (26, 27) . Spreading of other cells (e.g., fibroblasts) on a surface is generally much slower than the rapid spreading observed in + + (57) neutrophils. The data presented here do not lead to the identification of a unique mechanism for the regulation of PMN spreading. Three general types of processes can be envisioned as part of spreading: (t) release of plasma membrane tension, allowing the membrane to bleb outward; (ii) force generation by actin polymerization; (iii) fusion of vesicles with the plasma mem-+ + (4 each) brane, increasing the area of membrane available for attach-+ NDs ment. A combination of these three processes may occur as the cells spread, and mechanisms for calcium regulation of these processes have been described. 
